Abstract: This paper aims to investigate the seismic performance of a novel type of steel-concrete hybrid supporting structure consisting of reinforced concrete (RC) tubular columns, steel solid web girder platform, and A-shaped steel frames. It is typically used to house air-cooled condensers (ACC) in thermal power plants (TPPs). First, the finite-element (FE) model was implemented in ABAQUS and the simulation approaches were validated by pseudo-dynamic test results of a scaled steel-concrete hybrid supporting structure. Then, the elasto-plastic time-history analysis of the steel solid web girder-RC tubular column hybrid structure was conducted. The El Centro (NS) record was scaled to peak ground acceleration (PGA) of 0.07, 0.20, 0.40 and 0.62 g to reflect the frequent, basic, rare, and very rare earthquakes. The dynamic characteristics, base shear force, lateral deformation performance, stiffness deterioration, and damage evolution characteristics were analyzed. The numerical results showed that the first vibration mode of this hybrid structure is torsion, due to its small torsional stiffness and the nonuniform distribution characteristics of stiffness and mass in the vertical direction; the lateral deformation shape is shear mode; and the damage mainly occurred on the RC tubular columns, while the steel components did not yield under severe earthquakes. In general, the overall seismic performance of the steel solid web girder-RC tubular column hybrid structural system could meet the seismic design requirements with respect to the high-intensity earthquakes.
Introduction
Steel-concrete hybrid structural systems are obtained through the combination of structural components made of steel, reinforced concrete (RC), and composite steel-concrete. They are more efficient and economical compared to either traditional steel or RC structures, since they can make full use of the advantages of different materials [1] [2] [3] [4] . A great deal of research on steel-concrete hybrid structures has been carried out in the past, and many high-rise buildings have applied steel-concrete hybrid structural systems [5] [6] [7] . Especially for industrial buildings, a steel-concrete hybrid structure is a good structural system to realize flexible structural layouts to meet special industrial and load demands [8] [9] [10] . Attention in this study is focused on a peculiar steel-concrete hybrid structure typically applied as the supporting structural system to house air-cooled condensers (ACCs) in thermal power plants (TPPs) .
Nowadays, the most popular supporting structural system in TPPs is the steel truss-RC tubular column hybrid structure, which consists of A-shaped steel frames, steel space-truss platform and RC tubular columns [11, 12] . However, past research results showed that this kind of structural system is Nowadays, the most popular supporting structural system in TPPs is the steel truss-RC tubular column hybrid structure, which consists of A-shaped steel frames, steel space-truss platform and RC tubular columns [11, 12] . However, past research results showed that this kind of structural system is suitable for a medium capacity of TPPs of no greater than 600 MW because of its lower lateral and vertical stiffness [13] . To satisfy the design requirements with the increase of unit capacity of TPPs, several researchers proposed a novel supporting structural system named the steel braced truss-RC tubular column hybrid structure, in which diagonal steel braces were used to connect the steel truss and RC tubular columns to upgrade the structural safety performance [14, 15] . However, since there are too many steel elements and connections in this kind of hybrid structure, the constructions are rather complex, and the cost is very high. To solve this problem, some researchers suggested to replace the steel truss by using the steel solid web girder in two orthogonal directions, developing a novel supporting structural system referred to as steel solid web girder-RC tubular column hybrid structure, which has been applied in practice. Figure 1 shows the schematic diagram and a typical photo for this kind of hybrid structure. Similar with the steel braced truss-RC tubular column hybrid structure, steel diagonal braces were used to connect the RC tubular columns and the solid web girder. In addition, steel braces were also set below the solid web girder to improve the overall stiffness of the platform. The statistical analysis showed that the amount of steel used in the steel solid web girder-RC tubular column structure could decrease about 30% compared with the steel braced truss-RC tubular column structure [16] . However, the seismic performance of the steel solid web girder-RC tubular column hybrid structure has not been verified yet. In this study, the seismic analysis of a steel solid web girder-RC tubular column hybrid structure was conducted. First, numerical modeling approaches were validated by a range of pseudo-dynamic test results. Then, the numerical model of steel solid web girder-RC tubular column hybrid structure was developed to carry out the elasto-plastic time-history analysis. The dynamic characteristics, time-history curves of base shear force and roof lateral displacement, lateral deformation pattern, maximum drift ratios, lateral stiffness deterioration, and damage evolution characteristics were analyzed.
Case Study
A typical steel solid web girder-RC tubular column hybrid structure was designed for the case study. The total height was 61.4 m. According to the China seismic design code [17] , the seismic precautionary intensity is 8-degree with a peak ground acceleration (PGA) of 0.20 g. This means that when an earthquake with 10% probability of exceedance in 50 years occurs in this region, the seismic intensity is 8 degrees and the corresponding PGA is 0.20 g. The site soil class was II. The structural plan layouts and elevation views are shown in Figure 2 . Table 1 In this study, the seismic analysis of a steel solid web girder-RC tubular column hybrid structure was conducted. First, numerical modeling approaches were validated by a range of pseudo-dynamic test results. Then, the numerical model of steel solid web girder-RC tubular column hybrid structure was developed to carry out the elasto-plastic time-history analysis. The dynamic characteristics, timehistory curves of base shear force and roof lateral displacement, lateral deformation pattern, maximum drift ratios, lateral stiffness deterioration, and damage evolution characteristics were analyzed.
A typical steel solid web girder-RC tubular column hybrid structure was designed for the case study. The total height was 61.4 m. According to the China seismic design code [17] , the seismic precautionary intensity is 8-degree with a peak ground acceleration (PGA) of 0.20 g. This means that when an earthquake with 10% probability of exceedance in 50 years occurs in this region, the seismic intensity is 8 degrees and the corresponding PGA is 0.20 g. The site soil class was II. The structural plan layouts and elevation views are shown in Figure 2 . Table 1 lists the strength grades of the materials and cross sections of main components. All the structures should satisfy the seismic demands under three hazard levels according to the China seismic design code [17] . The three hazard levels mean frequent, basic and rare earthquakes, respectively. The corresponding probabilities of exceedance in 50 years for the three hazard levels are 63.3%, 10% and 2%. All the structures should keep elastic under frequent earthquakes (Level 1), be in use after repair under basic earthquakes (Level 2), and not collapse under rare earthquakes (Level 3). Especially, according to the seismic ground motion parameters zonation map of China [18] , the air-cooled condenser supporting structure presented in this paper should also not collapse under very rare earthquakes with 10 −4 probability of exceedance in one year (Level 4) except for the three hazard levels introduced above, since it belongs to lifeline engineering, which should have much higher reliability compared to ordinary buildings.
Numerical Approaches and Validation

Simulation of RC Tubular Columns
A general shell element with four nodes S4R was adopted to simulate the tubular column. It was a quadrilateral shell element with reduced integration. Transverse shear deformation was considered. For each cross-sectional point along the thickness direction of the shell element, the numerical integration method was adopted to calculate the stress and strain. To simulate the progressive failure process of the shell element, five integration points were assigned in the thickness direction [19] [20] [21] [22] .
The concrete damaged plasticity (CDP) model was adopted to simulate the mechanical behavior of concrete [23] . According to the China design code of concrete structures [24] , the parameters of the CDP model can be determined using Equations (1)- (7).
where d t and d c are respectively the uniaxial tensile and compressive damage evolution parameters for concrete; E 0 is the initial elastic modulus of concrete; ε t0 and ε c0 are, respectively, the peak strains of the uniaxial tensile and compressive stress-strain curves for concrete; α t and α c are, respectively, the descending stage parameters of the uniaxial tensile and compressive stress-strain curves for concrete, equal to 1.95 and 1.94, respectively; f c is the uniaxial compressive strength of concrete.
Equations (8) and (9), respectively, give the expression of elastic complementary energy for the undamaged and damaged materials.
where σ and σ are, respectively, the Cauchy stress and effective stress; D is the scalar damage variable.
Equations (10) and (11) can be obtained based on the energy equivalence hypothesis [25] .
It is supposed that there is no damage before the stresses reach the peak values. Correspondingly, Equations (12) and (13) can be used to illustrate the CDP model, as shown in Figure 3 . Figure 3 . The damage evolution rules of stress-strain laws in the CDP (concrete damaged plasticity) model.
Simulation of Steel Components
A three-dimensional beam element B31 with two nodes was adopted to simulate the steel components, i.e., the solid web girder, braces, and A-shaped frames. The bilinear kinematic hardening model was employed to model the stress-strain relationship of steel. Four types of cross sections including box-, I-, circular-, and L-shaped were used for the steel components, and the number of integration points are, respectively, 16, 13, 8, and 9.
Validation of the Modelling Approaches
In the past, the authors conducted pseudo-dynamic tests (PDTs) on a 1/8 scaled substructure to investigate the seismic behavior of steel braced truss-RC tubular column hybrid structure [14] . The scaled El Centro (NS) records with PGA of 0.05, 0.10, 0.20, 0.30, 0.40, 0.60, and 0.80 g were used to simulate different hazard levels. The case of the test is very suitable to the objectives of this study, since the test specimen was also a steel-concrete hybrid supporting structure. Accordingly, the experimental results were adopted to validate the accuracy of the numerical simulation approaches as introduced above. Figure 4a shows the test specimen. The FE model of the specimen was established based on the proposed simulation approaches, as shown in Figure 4b . Figure 5 shows the comparison of time-history curves for lateral displacements and maximum lateral displacements versus height curves between the FE simulation and test results. It can be observed that the numerical and test results exhibited a good agreement, indicating that the proposed FE modelling approaches could reasonably simulate the seismic behavior of this kind of steel-concrete hybrid structure. Figure 3 . The damage evolution rules of stress-strain laws in the CDP (concrete damaged plasticity) model.
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In the past, the authors conducted pseudo-dynamic tests (PDTs) on a 1/8 scaled substructure to investigate the seismic behavior of steel braced truss-RC tubular column hybrid structure [14] . The scaled El Centro (NS) records with PGA of 0.05, 0.10, 0.20, 0.30, 0.40, 0.60, and 0.80 g were used to simulate different hazard levels. The case of the test is very suitable to the objectives of this study, since the test specimen was also a steel-concrete hybrid supporting structure. Accordingly, the experimental results were adopted to validate the accuracy of the numerical simulation approaches as introduced above. Figure 4a shows the test specimen. The FE model of the specimen was established based on the proposed simulation approaches, as shown in Figure 4b . Figure 5 shows the comparison of time-history curves for lateral displacements and maximum lateral displacements versus height curves between the FE simulation and test results. It can be observed that the numerical and test results exhibited a good agreement, indicating that the proposed FE modelling approaches could reasonably simulate the seismic behavior of this kind of steel-concrete hybrid structure. 
Numerical Model of the Steel Solid Web Girder-RC Tubular Column Hybrid Structure
Based on the modeling approaches which have been validated above, the FE model of the steel solid web girder-RC tubular column hybrid structure was developed, as shown in Figure 6 . 
Based on the modeling approaches which have been validated above, the FE model of the steel solid web girder-RC tubular column hybrid structure was developed, as shown in Figure 6 . Table 2 provides the numerical results of natural periods, mode shapes, and participating mass coefficients for the first three vibration modes. As shown in Figure 7a , the first vibration mode of the steel solid web girder-RC tubular column hybrid structure was torsion due to its small torsional stiffness. This is caused by the uniform distribution of stiffness and mass which mainly distribute on the superstructure. Both second and third vibration modes were translations, as shown in Figure 7b ,c. Since the torsion is averse to the seismic resistance, the China seismic design code recommended that the first torsion to first translation period ratio should not be greater than 0.85 [17] . For the steel solid web girder-RC tubular column hybrid structure, the calculated period ratio was about 1.03 greater than 0.85, indicating that the torsional effect of this hybrid structure should be considered in the structural design. Table 2 provides the numerical results of natural periods, mode shapes, and participating mass coefficients for the first three vibration modes. As shown in Figure 7a , the first vibration mode of the steel solid web girder-RC tubular column hybrid structure was torsion due to its small torsional stiffness. This is caused by the uniform distribution of stiffness and mass which mainly distribute on the superstructure. Both second and third vibration modes were translations, as shown in Figure 7b ,c. Since the torsion is averse to the seismic resistance, the China seismic design code recommended that the first torsion to first translation period ratio should not be greater than 0.85 [17] . For the steel solid web girder-RC tubular column hybrid structure, the calculated period ratio was about 1.03 greater than 0.85, indicating that the torsional effect of this hybrid structure should be considered in the structural design. 
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Dynamic Characteristics
Nonlinear Dynamic Time-History Analysis
The El Centro (NS) record was selected as the input ground motion because of its ample spectral components and adaptability to the sites. As introduced in Section 2, the steel solid web grider-RC tubular column hybrid structure should satisfy the seismic demands under four hazard levels. Since the seismic precautionary intensity is 8-degree, the PGA of input ground motion was respectively scaled to 0.07, 0.20, 0.40, and 0.62 g to reflect the frequent, basic, rare, and very rare earthquakes according to the China seismic design code [17] and the seismic ground motion parameters zonation map of China [18] . Table 3 provides the numerical results of maximum base shear forces and shear-weight ratios. The shear-weight ratio of the structure was defined as the maximum base shear force to the representative value of gravity load ratio. According to the China technical specification for concrete structures of tall buildings [26] , the floor shear-weight ratio of the structure with significant torsion effect or whose fundamental period is less than 3.5 s under the frequent earthquake should be no less than 0.032. The numerical results showed that the shear-weight ratio of the solid web girder-RC tubular column hybrid structure under the frequent earthquake was 0.059 greater than 0.032, indicating that it could meet the design requirements. 
The El Centro (NS) record was selected as the input ground motion because of its ample spectral components and adaptability to the sites. As introduced in Section 2, the steel solid web grider-RC tubular column hybrid structure should satisfy the seismic demands under four hazard levels. Since the seismic precautionary intensity is 8-degree, the PGA of input ground motion was respectively scaled to 0.07, 0.20, 0.40, and 0.62 g to reflect the frequent, basic, rare, and very rare earthquakes according to the China seismic design code [17] and the seismic ground motion parameters zonation map of China [18] . Table 3 provides the numerical results of maximum base shear forces and shear-weight ratios. The shear-weight ratio of the structure was defined as the maximum base shear force to the representative value of gravity load ratio. According to the China technical specification for concrete structures of tall buildings [26] , the floor shear-weight ratio of the structure with significant torsion effect or whose fundamental period is less than 3.5 s under the frequent earthquake should be no less than 0.032. The numerical results showed that the shear-weight ratio of the solid web girder-RC tubular column hybrid structure under the frequent earthquake was 0.059 greater than 0.032, indicating that it could meet the design requirements. Figure 8 shows the time-history curves of base shear force and roof lateral displacement for the solid web girder-RC tubular column hybrid structure under different hazard levels. It can be observed that the occurring moment of peak responses were delayed with increase of PGA. This is because the structural damage gradually generated and accumulated with increase of PGA, resulting in the deterioration of lateral stiffness. Figure 8 shows the time-history curves of base shear force and roof lateral displacement for the solid web girder-RC tubular column hybrid structure under different hazard levels. It can be observed that the occurring moment of peak responses were delayed with increase of PGA. This is because the structural damage gradually generated and accumulated with increase of PGA, resulting in the deterioration of lateral stiffness. Table 4 summarizes the numerical results of maximum lateral displacements and drift ratios. According to the China technical code for the design of civil structure of fossil-fired power plant [27] , the maximum drift ratio on the top of column for the air-condenser supporting structure should not be larger than 0.2% under normal service stages. The numerical results showed that the maximum drift ratios on the top of column under the frequent and basic earthquakes were respectively 0.06 and 0.15 less than the upper limit value, indicating that the solid web girder-RC tubular column hybrid structure could meet the design requirements of the seismic resistant structures; that is, the structure Table 4 summarizes the numerical results of maximum lateral displacements and drift ratios. According to the China technical code for the design of civil structure of fossil-fired power plant [27] , the maximum drift ratio on the top of column for the air-condenser supporting structure should not be larger than 0.2% under normal service stages. The numerical results showed that the maximum drift ratios on the top of column under the frequent and basic earthquakes were respectively 0.06 and 0.15 less than the upper limit value, indicating that the solid web girder-RC tubular column hybrid structure could meet the design requirements of the seismic resistant structures; that is, the structure should keep elastic under the frequent earthquake and be in use after repairment under the basic earthquake. Figure 9 shows the maximum lateral displacement versus height curves under different hazard levels. Figure 10a ,b shows the lateral deformation nephograms of the whole structure and steel solid web girder platform under the rare earthquake. It can be observed that the lateral deformation pattern of the steel solid web girder-RC tubular column hybrid structure was shear mode. Since the stiffness of the superstructure is much larger than that of the substructure, the in-plane deformation of the steel solid web girder was very small, as shown in Figure 10b . should keep elastic under the frequent earthquake and be in use after repairment under the basic earthquake. Figure 9 shows the maximum lateral displacement versus height curves under different hazard levels. Figure 10a ,b shows the lateral deformation nephograms of the whole structure and steel solid web girder platform under the rare earthquake. It can be observed that the lateral deformation pattern of the steel solid web girder-RC tubular column hybrid structure was shear mode. Since the stiffness of the superstructure is much larger than that of the substructure, the in-plane deformation of the steel solid web girder was very small, as shown in Figure 10b . should keep elastic under the frequent earthquake and be in use after repairment under the basic earthquake. Figure 9 shows the maximum lateral displacement versus height curves under different hazard levels. Figure 10a ,b shows the lateral deformation nephograms of the whole structure and steel solid web girder platform under the rare earthquake. It can be observed that the lateral deformation pattern of the steel solid web girder-RC tubular column hybrid structure was shear mode. Since the stiffness of the superstructure is much larger than that of the substructure, the in-plane deformation of the steel solid web girder was very small, as shown in Figure 10b . Table 5 summarizes the numerical results of maximum stresses of A-shaped steel frames, steel braces and steel solid web girder under different hazard levels, as shown in Figure 11 . It can be observed that the steel components of steel solid web girder-RC tubular column hybrid structure did not yield under the earthquakes. Figure 12 shows the damage distribution patterns of the RC tubular columns under different hazard levels. It can be seen that the damage mainly occurred on the bottom of the RC tubular column, lower part of the corbel, and upper part of the corbel. This phenomenon is similar with the experimental result of the steel braced truss-RC tubular column hybrid structure and the failure mechanism has been clarified through mechanical analysis [14] . Generally, in the seismic design, the failure hierarchy criterion strong column-weak beam is applied. The aim of the proposed procedure is the earlier development of yielding in beams rather in columns [28] [29] [30] . However, for the structure described in this paper, the damage mainly occurred on the columns while the steel components did not yield. In fact, this coincided with the expected design results. Since the steel solid web girder platform and A-shaped frames must bear the important industrial units directly in practical engineering, if the steel components yield untimely, the normal use of the industrial units would be affected. Accordingly, they are expected to suffer negligible damage under earthquakes. In addition, as the key components to improve the overall stiffness and structural integrity, the steel diagonal braces should be designed strong enough. Table 5 summarizes the numerical results of maximum stresses of A-shaped steel frames, steel braces and steel solid web girder under different hazard levels, as shown in Figure 11 . It can be observed that the steel components of steel solid web girder-RC tubular column hybrid structure did not yield under the earthquakes. Figure 12 shows the damage distribution patterns of the RC tubular columns under different hazard levels. It can be seen that the damage mainly occurred on the bottom of the RC tubular column, lower part of the corbel, and upper part of the corbel. This phenomenon is similar with the experimental result of the steel braced truss-RC tubular column hybrid structure and the failure mechanism has been clarified through mechanical analysis [14] . Generally, in the seismic design, the failure hierarchy criterion strong column-weak beam is applied. The aim of the proposed procedure is the earlier development of yielding in beams rather in columns [28] [29] [30] . However, for the structure described in this paper, the damage mainly occurred on the columns while the steel components did not yield. In fact, this coincided with the expected design results. Since the steel solid web girder platform and A-shaped frames must bear the important industrial units directly in practical engineering, if the steel components yield untimely, the normal use of the industrial units would be affected. Accordingly, they are expected to suffer negligible damage under earthquakes. In addition, as the key components to improve the overall stiffness and structural integrity, the steel diagonal braces should be designed strong enough. Figure 13 shows the changing rules of relative stiffness ratios and maximum damage indexes with increase of the PGA. It can be found that the lateral stiffness of solid web girder-RC tubular column hybrid structure under the very rare earthquake was still 39% of the initial stiffness, although the stiffness deteriorated significantly with increase of the PGA. In addition, it can be observed that the maximum tensile damage index was 0.90 under the very rare earthquake (PGA = 0.62 g), indicating that the structure was severely damaged but did not collapse. Overall, the numerical results showed that the steel solid web girder-RC tubular column hybrid structure could satisfy the seismic design requirements under the four hazard levels. Figure 13 shows the changing rules of relative stiffness ratios and maximum damage indexes with increase of the PGA. It can be found that the lateral stiffness of solid web girder-RC tubular column hybrid structure under the very rare earthquake was still 39% of the initial stiffness, although the stiffness deteriorated significantly with increase of the PGA. In addition, it can be observed that the maximum tensile damage index was 0.90 under the very rare earthquake (PGA = 0.62 g), indicating that the structure was severely damaged but did not collapse. Overall, the numerical results showed that the steel solid web girder-RC tubular column hybrid structure could satisfy the seismic design requirements under the four hazard levels. Figure 13 shows the changing rules of relative stiffness ratios and maximum damage indexes with increase of the PGA. It can be found that the lateral stiffness of solid web girder-RC tubular column hybrid structure under the very rare earthquake was still 39% of the initial stiffness, although the stiffness deteriorated significantly with increase of the PGA. In addition, it can be observed that the maximum tensile damage index was 0.90 under the very rare earthquake (PGA = 0.62 g), indicating that the structure was severely damaged but did not collapse. Overall, the numerical results showed that the steel solid web girder-RC tubular column hybrid structure could satisfy the seismic design requirements under the four hazard levels. 
Lateral Deformation Performance
Lateral Stiffness Deterioration and Damage Analysis
Conclusions
The steel solid web girder-RC tubular column hybrid structure is a novel supporting structural system typically used to house air-cooled condensers in TPPs. This paper investigates the seismic performance of this hybrid structure through finite element analysis. The El Centro (NS) record was scaled to peak ground acceleration (PGA) of 0.07, 0.20, 0.40, and 0.62 g to reflect the frequent, basic, rare, and very rare earthquakes. The main conclusions are summarized as follows:
(1) This paper proposes the modelling approaches for this kind of supporting structural system.
The comparison between the FE numerical results and test results of a model structure indicated that the proposed FE modeling approaches are reasonable to simulate the seismic behavior of this kind of steel-concrete hybrid structure. (2) Due to the small torsional stiffness and the nonuniform distribution characteristics of stiffness and mass in vertical direction, the first vibration mode of steel solid web girder-RC tubular column hybrid structure was torsion. The calculation results of the first torsion to translation period ratio of this hybrid structure showed that it was greater than the upper limit value recommended by the China seismic design code. This indicated that the torsion effect can not be ignored in the design for this kind of hybrid structure. In addition, the shear-weight ratio of this hybrid structure under the frequent earthquake was 0.059, which was greater than the lower limit value recommended by the China technical specification for concrete structures of tall building. (3) The numerical results of lateral deformation performance showed that it was shear mode for this hybrid structure. The maximum drift ratios on the top of column under the frequent and basic earthquakes were 0.06 and 0.15, respectively. They were less than the upper limit value recommended by the China technical code for the design of civil structure of fossil-fired power plant. In addition, the numerical results showed that the damage mainly occurred on the RC tubular columns, while the steel components of this hybrid structure did not yield under the earthquakes. This coincided with the expected design results considering the normal use of the industrial units directly supported by the steel solid web girder platform and A-shaped frames. Moreover, under the very rare earthquake, the residual lateral stiffness ratio and the maximum tensile damage index of this hybrid structure was 39% and 0.90. This indicated that the structure was severely damaged but did not collapse. Overall, the numerical investigations showed that the seismic performance of steel solid web girder-RC tubular column hybrid structure could satisfy the design requirements in the strong earthquake region.
